Relaxin-like factor (RLF), now mainly known as insulin-like factor 3 (INSL3), is essential for testis descent during fetal development; however, its function in the adult testis is still being elucidated. As a major step toward understanding the as-yet-unknown function of INSL3 in boars, this study aimed to develop a time-resolved fluoroimmunoassay for boar INSL3, characterize the dynamics of INSL3 expression during development, and demonstrate the expression of the INSL3 hormone-receptor system in the testis. All samples were collected from Duroc boars. The sensitivity of the assay system established was 8.2 pg/well (164 pg/ml), and no cross-reactivity with other hormones, such as porcine relaxin, was observed. Circulating INSL3 was shown to increase progressively during development. INSL3 secreted from the Leydig cells was released not only into the blood circulation but also into the interstitial and seminiferous compartments in sufficient concentrations. A testicular fractionation study revealed that its receptor RXFP2 transcripts were expressed mainly in testicular germ cells. In addition, INSL3 bound to the germ cell membranes in a hormone-specific and saturable manner. These results reveal that INSL3 secreted into the interstitial compartment from the Leydig cells is transported into the seminiferous compartments, where its receptor RXFP2 is expressed mainly in the germ cells to which INSL3 binds, suggesting that INSL3 functions as a paracrine factor on seminiferous germ cells.
Introduction
Testicular function is regulated by the complex interplay of many different molecules that include both endocrine and paracrine signalings, and proper regulation is critical for optimum male reproductive capacity. Of these molecules, relaxin-like factor (RLF), now mainly known as insulin-like factor 3 (INSL3), is a novel member of the insulin-relaxin (RLN) gene family, which was originally discovered by screening a boar testicular cDNA library (Adham et al. 1993) , and is produced by both fetal and adult Leydig cells. INSL3 binds with high affinity to and activates its specific receptor, now known as RLN family peptide receptor 2 (RXFP2; originally called LGR8, leucinedescent during fetal development by acting on the gubernaculum via RXFP2, as revealed by mouse models targeting genes encoding either Insl3 (Nef & Parada 1999 , Zimmermann et al. 1999 or Rxfp2 (Gorlov et al. 2002 , Bogatcheva et al. 2003 .
After birth, however, the physiological role of INSL3 remains unknown, despite the fact that the INSL3 gene and its protein are highly expressed in the adult testes of a number of mammalian species (Ivell & Bathgate 2002) . Recent evidence in some species, such as humans and rodents, suggests that INSL3 might be involved in the regulation of testicular function in adult males. The development of a specific immunoassay system using a synthetic peptide consisting of an A-B heterodimer based on human and rodent cDNA sequences has revealed that circulating INSL3 levels increase progressively during pubertal development (Boockfor et al. 2001 , Ferlin et al. 2006 , Wikström et al. 2006 , Anand-Ivell et al. 2009 ) with a subsequent decline by aging in males (Anand-Ivell et al. 2006b ). In addition, the receptor RXFP2 in INSL3 has been detected in seminiferous germ cells (Kawamura et al. 2004 , Anand-Ivell et al. 2006a , Feng et al. 2007 ) and Leydig cells (Anand-Ivell et al. 2006a , Feng et al. 2007 ). Furthermore, INSL3 was reported to suppress male germ cell apoptosis in the testes (Kawamura et al. 2004) and to stimulate the proliferation of the mouse Leydig cell line TM-3 (Feng et al. 2007) , whereas another study reported no effect of INSL3 on either adult-type rat and mouse primary Leydig cells or the mouse Leydig cell tumor cell line MA-10 (Ivell & Anand-Ivell 2009) .
Exploring the function of INSL3 in boars is especially intriguing, because boars differ from other mammalian species in having species-specific characteristics in testicular morphology and function. For example, the volume percentage of Leydig cells per whole testis of mature boars is much higher (Peyrat et al. 1981) than that of other species including rodents (2-6%) (Ewing et al. 1979 , Chamindrani Mendis-Handagama 2012 . Furthermore, boar testes secrete large quantities of estrogens, wherein plasma estradiol-17b (E 2 ) levels increase in a stepwise fashion during pubertal development (Allrich et al. 1982 , Schwarzenberger et al. 1993 , Estienne et al. 2000 . In addition, an androgen-binding protein expressed by Sertoli cells could not be identified (Jegou & Le Gac-Jegou 1978) , but testosterone concentrations in the tubular fluid are high (Claus et al. 1985) . Despite accumulating data on boars, there has been very little progress in understanding the function of INSL3, even though INSL3 was first discovered in the boar testis. We recently purified native INSL3 from the boar testis and demonstrated for the first time that native INSL3 is secreted from Leydig cells as a 12 Da B-C-A single-chain form with full biological activity, suggesting that in boars, INSL3 appears to be physiologically relevant (Minagawa et al. 2012) . It is quite interesting, therefore, how INSL3 production and secretion change during development, and how and where the secreted INSL3 acts in this species. In addition, identifying the cell type(s) that expresses the receptor RXFP2 and specific INSL3 binding in target cells would be a major step toward understanding the as-yet-unknown function of INSL3 in boars.
In this study, we characterized the dynamics of INSL3 expression during pubertal development in boars and demonstrated the presence of RXFP2 mRNA and specific INSL3 binding in the testis. For measurement of INSL3 concentrations in the serum and testicular body fluid, an immunoassay for INSL3 in boars using a time-resolved fluoroimmunoassay (TR-FIA) platform was developed.
Materials and methods

Animals and sampling
Animals All samples were collected from Duroc boars at the Shizuoka Swine and Poultry Experimental Station and from the local slaughterhouse. The animal experiments and procedures were all approved by Shizuoka University Animal Experimentation Ethics Committee.
Peripheral serum Sera were collected from the jugular vein of boars aged 7-15 weeks (prepuberty, nZ7), 17-21 weeks (onset of puberty, nZ7), 24-30 weeks (puberty, nZ15), 36-38 weeks (postpuberty, nZ8), and 48 weeks-3.3 years (adult, nZ13), and then stored at K80 8C.
Body fluid compartments Various body fluid compartments of the reproductive system were obtained from eight adult boars. Each right testis was cut in half vertically along the midline. To collect the rete testis fluid, a biopsy punch 6 mm in diameter (Kai Medical, Gifu, Japan) was pushed into the rete testis while it was frozen by using liquid nitrogen and the fluid was collected after centrifugation. To collect the seminiferous tubular fluid, testicular slices were washed to remove contaminating interstitial fluid by soaking briefly in cold 10 mM PBS (pH 7.4) and blotting on filter paper to remove extratubular fluid. The intratubular fluid was sucked out using a fine Pasteur pipette under a stereomicroscope. To collect the efferent duct fluid, the ducts were isolated, microdissected, and centrifuged. Epididymal fluid was collected from the lower part of each cauda epididymis as described previously ). An 18-gage blunt needle attached to a pump was inserted into the vas deferens and the epididymal fluid was collected by flushing the cauda epididymis with air. In contrast, each left testis was used to collect testicular interstitial fluid, which was taken from a small incision in the caudal end of the testicular capsule, as described by others (Hedger & Hettiarachchi 1994) . In addition, testicular venous sera were collected from the spermatic cord, while peripheral sera were taken from the jugular vein. All samples collected were centrifuged at 1500 or 6000 g for 10 min at 4 8C and stored at K80 8C.
Testes Testes were obtained by castration or just after slaughter of 5-and 7-week-old (prepuberty, nZ3 for each group), 18-week-old (onset of puberty, nZ3), 30-week-old (puberty, nZ3), 38-week-old (postpuberty, nZ3), and 46-week-old (adult, nZ3) boars. Each testis was cut from the parenchyma in the medial part using a razor blade. Pieces of the harvested tissues were rapidly frozen and stored in liquid nitrogen, while other specimens were fixed in Bouin's solution and embedded in paraffin for immunohistochemistry.
Protein concentrations
The protein concentrations were determined by using the Lowry-Folin method, with BSA as a standard (Hess et al. 1978) .
Insulin-like factor 3
Native INSL3, which we previously purified from mature boar testes (Minagawa et al. 2012) , was used for development of the TR-FIA and for the binding assay. Purified INSL3 has a 12 kDa single-chain structure comprising three domains, B-C-A, and exhibits full bioactivity in human embryonic kidney (HEK)-293 cells expressing mouse Rxfp2. Recombinant INSL3 (recomb. INSL3) (w16 kDa, calculated mass of 15 751) was expressed in Escherichia coli by using a construct that expresses the His-tagged INSL3 sequence containing the B-C-A domain inserted into the pCold I vector, as described previously , and was used for antibody production, because there was an insufficient amount of the 12 kDa native INSL3 for antibody production. The recomb. INSL3 was larger in molecular size than native INSL3 because it was fused with a 32-residue linker (calculated molecular weight of 3675 Da) derived from the vector. The linker consists of a His-tag sequence followed by a translationenhancing element sequence, and a factor Xa cleavage sequence. It probably lacks biological activity due to misfolding. In addition, a synthetic human A-B heterodimeric INSL3 peptide (6292 Da; Phoenix Pharmaceuticals, Burlingame, CA, USA) was used to demonstrate antibody specificity by western blotting.
Production of antiserum for INSL3
Rabbit polyclonal antiserum for boar INSL3 was generated by using the recomb. INSL3 according to our method . Briefly, recomb. INSL3 (2 mg/ml) was emulsified in an equal volume of Freund's complete adjuvant (Difco, Detroit, MI, USA) containing 2 mg of desiccated Bacto M. Butyricum (Difco) and immunized adult female New Zealand white rabbits (nZ2). Booster injections consisting of the same quantity of antigen in Freund's incomplete adjuvant (Difco) were given at an interval of 2-3 weeks. Blood of sufficiently high titer was collected from an ear vein and by heart puncture, after which serum was stored at K80 8C. The titer of the antiserum was monitored by ELISA.
Development of TR-FIA for boar INSL3
We developed a competitive TR-FIA for boar INSL3. Purified boar INSL3 was labeled using europium (Eu)-labeling reagent (Perkin-Elmer, Boston, MA, USA). As Eu is known to bind to the free amino groups of proteins (Lövgren et al. 1985) , it is thought to have labeled the lysine residue (Lys) that only exists in position 12 of the B-domain (Lys B12 ). It probably also labeled the N-terminus of native boar INSL3, comprising the B-C-A single-chain form, which is made up of 111 amino acid residues. The TR-FIA procedure was performed according to our protocol (Ogine et al. 1999) . Briefly, 50 ml of standard or samples was added to goat anti-rabbit immunoglobulin G (IgG) coated microplates (Perkin-Elmer) together with 100 ml of anti-INSL3 antiserum (1:5000). After 1.5 h incubation on a plate shaker, 100 ml of Eu-labeled INSL3 (5 ng/ml) was added and the plates were shaken for another 3.5 h. Enhancement solution (200 ml/well; Perkin-Elmer) was added after washing, and the fluorescence was measured using a 1230 time-resolved fluorometer (Wallac, Turku, Finland) . To assess the specificity of the TR-FIA, inhibition curves for boar serum and testicular extracts were compared with the curve for the boar INSL3 standard. Cross-reactivity with the 6-kDa porcine RLN purified from pregnant sow ovaries (Kohsaka et al. 1993) , insulin (Sigma), luteinizing hormone (LH; UCB-Bioproducts, Braine-I'Alleud, Belgium), and follicle-stimulating hormone (FSH; UCB-Bioproducts) was also tested.
Testosterone, E 2 , LH, and FSH assay Serum concentrations of testosterone and E 2 were measured with a TR-FIA kit (Perkin-Elmer), as previously reported (Sasaki et al. 2001) . Testosterone and E 2 were extracted from the serum samples with diethyl ether before being applied to the kits. LH and FSH were also determined by TR-FIA, as previously reported (Noguchi et al. 2010) . Porcine FSH and LH immunoassay kits were provided by Dr A F Parlow (National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance, CA, USA).
Western blotting
Testicular samples from whole-testis fragments of the developmental stages, blood and body fluid samples, native INSL3, recomb. INSL3, and synthetic human A-B heterodimeric INSL3 peptide (6292 Da; Phoenix Pharmaceuticals) were separated by SDS-PAGE on 14% w/v gels under non-reducing conditions, and electroblotted to nitrocellulose membranes (Bio-Rad), as described previously , Minagawa et al. 2012 . Briefly, membranes were immunoreacted with anti-INSL3 antiserum (1:5000) and peroxidase-conjugated goat anti-rabbit IgG (1:20 000; ICN/Cappel, Aurora, OH, USA), and the signals were detected using an ECL (GE Healthcare, Little Chalfont, Buckinghamshire, UK). As a loading control, b-actin (ACTB) and transferrin (TF) were detected for testicular and serum samples respectively. For quantitative evaluation, the optical density (OD) was measured by densitometric scanning using Image J software (http://rsb. info.nih.gov/ij/).
Immunohistochemistry and morphometric analysis
Deparaffinized sections (4 mm) were immunostained with anti-INSL3 antiserum (1:1000) or the antiserum preabsorbed with the recomb. INSL3 (2 mg/ml) followed by a goat anti-rabbit IgG polymer conjugated to peroxidase (DakoCytomation, Carpinteria, CA, USA), as described previously , Minagawa et al. 2012 . Signals were visualized using diaminobenzidine (DakoCytomation) and examined under a BZ-9000 All-in-one Microscope (Keyence, Osaka, Japan . For measurement of average cell diameter of Leydig cells, both the longest and shortest diameters were manually measured for each Leydig cell, using Dynamic cell count BZ-HIC software (Keyence) and the final diameter was considered to be the average of the two. The diameter of seminiferous tubules was also measured in the same manner. If the tubule was sectioned obliquely, the measurement was made across the narrowest dimension.
Fractionation of testicular cells
The germ cell, Sertoli cell, and Leydig cell fractions were prepared from the pubertal boar testis by collagenase treatment and mechanical dispersion as described previously ). The quality of fractionated cells was verified by determining the expression of HSD3B (HSDB1), PRM1, and INHA, which are expressed specifically by Leydig cells (Raeside & Renaud 1983 , Chemes et al. 1992 , germ cells (Domenjoud et al. 1991) , and both Sertoli and Leydig cells (Jin et al. 2001) respectively. The fractionated testicular cells were frozen and stored in liquid nitrogen.
RNA extraction and semiquantitative RT-PCR
Total RNA was extracted from either whole-testis fragments of the developmental stages studied or fractionated testicular cells using ISOGEN (Nippon Gene, Tokyo, Japan), treated with RNase-free DNase I (Qiagen), and reverse-transcribed using an oligo(dT) 18 primer with ReverTra Ace (Toyobo, Tokyo, Japan). The primers used for amplification are presented in Table 1 . The primer set for amplification of the RXFP2 transmembrane regions 1-2 (RXFP2 TM 1-2) was designated to span the intron splice junctions between exons 15 and 16 to prevent amplification of the target from contaminating genomic DNA.
The primer set amplifying the endodomain of the RXFP2 was in the region defined by exon 18. The optimal number of PCR cycles for exponential amplification of target genes was determined as previously described . Amplification was performed using a DICE PCR Cycler (TaKaRa Bio, Shiga, Japan) in a 25 ml-reaction mixture containing Taq DNA polymerase (Roche) with the following cycling program: initial denaturation at 94 8C for 2 min, followed by three-step amplification conditions consisting of 25 cycles of 94 8C, 57 8C, and 72 8C (20 s each) for INSL3; 33 cycles of 94 8C, 60 8C, and 72 8C (30 s each) for RXFP2 TM 1-2 and RXFP2 endodomain; 25 cycles of 94 8C, 52 8C, and 72 8C (1 min each) for GAPDH, followed by a final extension step at 72 8C for 5 min. To contrast, amplification of PRM1, INHA, and HSD3B was carried out using the conditions described previously . The PCR products were electrophoresed on 2% w/v agarose gels containing ethidium bromide and visualized under u.v. light. For quantitative evaluation, the OD of the PCR products was measured by densitometric scanning using Image J software (http://rsb.info.nih.gov/ij/).
Receptor binding assay
Membrane preparations were prepared as described previously (Büllesbach & Schwabe 1999 ) using germ cell fractions. Purified INSL3 was labeled with 4
Eu, which had been converted from 4 0 -(4 0 -amino-4-biphenylyl)-2,2 0 :6 0 ,2 00 -terpyridine-6,6 00 -diylbis(methyliminodiacetato) (ATBTA)-Eu (Tokyo Chemical Industry, Tokyo, Japan) according to the previous method (Yamaguchi et al. 2009 ). DTBTA-Eu, which is a recently developed luminescent lanthanide chelate label, has several advantages: it has sufficiently high stability in terms of metal dissociation and photo-degradation and it does not lose significant luminescence intensity in common buffers containing phosphate or EDTA compared with the previous lanthanide label (Eu) (Hashino et al. 2006 , Yamaguchi et al. 2009 ). DTBTA-Eu was presumed to have labeled Lys B12 and the N-terminus of native boar INSL3 comprising the B-C-A single-chain form, because DTBTA-Eu, like Eu, binds to the free amino groups of proteins. Bioactivity was confirmed on the basis of cAMP production in HEK-293 cells expressing RXFP2 as described previously (Minagawa et al. 2012) . The ligand-binding experiment was performed by employing a time-resolved fluorescence (TRF) assay as described previously (Lee et al. 2006) . Briefly, for saturation binding, germ cell membrane preparations were incubated with DTBTA-Eu-INSL3 (0.5-16 nM) both in the absence (total binding) and presence (nonspecific binding) of 500 nM unlabeled ligand. For competitive binding, membranes were incubated with unlabeled INSL3 (0.1-500 nM) plus 4 nM DTBTA-Eu-INSL3. All incubations were performed for 30 min at 25 8C in AcroWell 96-well filter plates (Pall, Port Washington, NY, USA) and terminated by rapid filtration using vacuum manifolds (Pall). Enhancement solution (100 ml/well; Perkin-Elmer) was added and the fluorescence was measured. The data were analyzed using the non-linear curve fitting functions in PRISM version 5.0 (GraphPad Software, San Diego, CA, USA).
Statistical analysis
Values are presented as the meansGS.E.M. Data were analyzed by one-way ANOVA, together with Fisher's Protected Least Significant Difference multiple range test to compare the means of different groups. P!0.05 was considered statistically significant.
Results
Characteristics of the TR-FIA for boar INSL3
Characterization of the INSL3 antibody Antiserum from Rabbit #1 was suitable for use in the INSL3 to determine whether the antiserum cross-reacted with the 6 kDa A-B heterodimer by using western blotting. From western blot analysis, we examined the calibration curves generated for synthetic human INSL3 peptide and found a marked difference in sensitivity. The calibration curve for synthetic human INSL3 peptide was linear in a range of 1-4 mg (159-636 pmol) (Fig. 1C) . This shows that the A-B heterodimer can be detected but requires an w7950-fold higher picomoles concentration of the A-B heterodimer to generate a signal comparable to that of the native B-C-A form. The antiserum did not cross-react with the 6 kDa porcine RLN (Fig. 1A) , indicating that this antiserum was specific for boar INSL3.
Standard curve, sensitivity, and specificity A suitable standard curve of boar INSL3 produced a reverse sigmoid response in the range of 2.5-40 000 pg/well (Fig. 1D) , which is an unusually large detection range for an immunoassay. The reasons for this wide range are unclear, but it may be related to the antibody affinity. The sensitivity of boar INSL3 was 8.2 pg/well. Serial dilutions of serum and testicular extract from mature boars yielded inhibition curves parallel to the standard curve. Castrated boar serum caused no displacement of the labeled hormone. Porcine RLN, insulin, LH, and FSH also showed no cross-reaction at microgram amounts in this assay.
Precision and reproducibility The precision and reproducibility of the TR-FIA were examined using serum samples from adult boars. The intra-and inter-assay coefficients of variation at top-, mid-, and bottom-range were 3.04 and 3.46%, 2.52 and 3.16%, and 5.56 and 14.71% respectively.
Accuracy Accuracy was assessed by determining the recovery of known amounts of INSL3 added to 6.25 ml aliquots of serum (1/8-diluted serum) from a castrated boar. An excellent correlation between the amounts of hormone added and those recovered was observed, resulting in a regression line (r 2 Z0.962) (Fig. 1E) .
Profiles of INSL3, steroids, and gonadotropin in boars during development Serum INSL3 levels started to increase slightly from the onset of puberty and elevated significantly (P!0.05) to postpuberty, subsequently remaining at a steady level in adulthood (Fig. 2) . In contrast, serum testosterone levels increased progressively toward puberty with an irregular fluctuation at subsequent ages. E 2 levels followed a similar pattern of INSL3, increasing in a stepwise fashion with advancing age. LH levels were elevated with a decline from the pubertal stage onwards, while FSH levels showed little change during development (Fig. 2) .
Developmental expression of the INSL3 gene and protein in the testis
INSL3 transcripts were only expressed in the testis of pubertal boars (Fig. 3A) . Semiquantitative RT-PCR indicated that the relative level of INSL3 expression was still low at 7 weeks of age (prepuberty), but increased significantly (P!0.05) and reached its maximum at 18 weeks (onset of puberty), and then remained at a steady level up to 38 weeks (postpuberty) (Fig. 3B) . In contrast, western blot analysis revealed that the expression level of the INSL3 protein followed a similar pattern to that of the INSL3 gene, but the INSL3 protein increased relatively slowly around the onset of puberty compared with the INSL3 (Fig. 3C ).
Immunostaining pattern and percent area of INSL3-positive Leydig cells in the testis during development
Immunostaining for INSL3 was positive in Leydig cells at all stages of development studied. A positive signal was observed as a punctuate spot with moderate intensity at 7 weeks, but the signal seemed to extend throughout the cytoplasm with moderate intensity concomitant with a rapid differentiation of Leydig cells at 18 weeks (Fig. 4A) . Thereafter, the signals appeared to become more intense up to 46 weeks. Staining of Leydig cells was not observed when the antiserum was preabsorbed by incubation with recomb. INSL3 (Fig. 4A ). When we carried out morphometric analysis, we observed that the testes not only massively increased in size due to the onset of spermatogenesis (the onset of puberty, i.e., 18 weeks) but also changed in the relative proportion of Leydig cells. There was also a significant change (P!0. 
INSL3 in testicular body fluid compartments
The intratesticular transport of INSL3 was examined by the TR-FIA and western blotting with fluid from various compartments of the reproductive system in adult boars. TR-FIA demonstrated that the concentration of INSL3 detected in interstitial fluid and seminiferous tubule fluid was eight-to tenfold higher (P!0.05) than that in peripheral serum (Fig. 5A ). This level was as high as that in testicular venous serum. In contrast, the concentration of INSL3 was reduced to less than half in rete testis fluid, and then was not detected in the efferent duct fluid and epididymal fluid (Fig. 5A ). Western blotting of plasma and testicular body fluids clearly demonstrated the presence of the 12 kDa INSL3 (Fig. 5B) . However, we cannot exclude the possibility that some INSL3 might exist as a processed A-B heterodimer in low quantities in serum and body fluid because of the insensitivity of western blotting used for its detection.
Expression of RXFP2 gene in testicular germ cells
The expression of RXFP2 transcripts was examined by RT-PCR analysis of fractionated boar testicular cells, using two types of primer sets to exclude splice variants, particularly variants involving the TM 1-2 coding region. The reason we focused on the variant involving the TM 1-2 coding region was as follows: RXFP2 splice variants missing exon 15 encoding TM 1 followed by the beginning of TM 2 have recently been identified from the ovary of rhesus monkeys (Hanna et al. 2010) . In addition, the predicted porcine RXFP2 mRNA sequence (XM_001927967) lacked a LDL class-A (LDL-A) module and some leucine-rich repeats (LRR) in the ectodomain, although splicing variants derived from the RXFP2 ectodomain, such as LGR8.1 missing an LRR encoded by exon 11 (Muda et al. 2005) and LGR8-short missing exon 2 encoding LDL-A module (Scott et al. 2006) , have been reported in human uterus. The fractionation was found to be quite satisfactory; that is, HSD3B and PRM1 expression were limited to the Leydig cell and germ cell fractions, respectively, while expression of INHA was found in both the Sertoli and Leydig cell fractions (Fig. 6) . In testicular fractions without contamination, INSL3 expression was restricted to the Leydig cell fraction where HSD3B was detected, whereas RXFP2 transcripts were expressed in the germ cell fraction with a weak signal in the Sertoli cell fraction as detected by primers amplifying either TM 1-2 or the endodomain of RXFP2 (Fig. 6) . RT-PCR data with primers amplifying the endodomain of the RXFP2 was not able to resolve the issue of whether splice variants involving the ectodomain-or TM 1-2 coding region are present, because this primer set was in the region defined by exon 18. However, RT-PCR data with primers amplifying RXFP2 TM 1-2, which was designated to span the intron splice junctions between exons 15 and 16, revealed that splice variants involving the TM 1-2 coding region are not present in boar testicular cells, although splice variants involving the ectodomain-coding region have not been identified.
INSL3 ligand binding to germ cells
The functionality of the RXFP2 protein was examined by a TRF-binding assay using membrane aliquots of the fractionated germ cells. In the saturation-binding assay, germ cell membranes were incubated with increasing concentrations of DTBTA-Eu-INSL3. Nonspecific binding was tested in the presence of 500 nM INSL3. DTBTAEu-INSL3 binds in a specific and saturable manner and its binding was fitted to a one-site binding equation (Fig. 7A) G7044 CPS respectively. In the competitive-binding assay, the membranes were incubated with increasing doses of unlabeled INSL3 plus 4 nM DTBTA-Eu-INSL3, and the binding was fitted to a one-site competition binding equation. INSL3 effectively displaced the DTBTA-Eu-INSL3 with an IC 50 value of 8.67 nM (Fig. 7B) .
Discussion
This study demonstrated that INSL3 is upregulated during development and transported into the seminiferous compartments, where it binds to germ cells, thereby characterizing the presence of the INSL3 hormonereceptor system in the boar testis. Initially, we succeeded in developing a reliable immunoassay for measuring boar INSL3 using a TR-FIA platform and demonstrated that circulating INSL3 concentrations increased progressively in boars during pubertal development, which is fundamentally consistent with other studies in humans (Ferlin et al. 2006 , Wikström et al. 2006 and rodents (Boockfor et al. 2001 , Anand-Ivell et al. 2009 ). In common with circulating INSL3, we found that INSL3 mRNA and protein expression in the testis were upregulated coincidently with pubertal development, although the INSL3 protein increased relatively slowly around the onset of puberty compared with the mRNA, as has been previously reported in the mouse testis (Balvers et al. 1998) . Our present results suggest that the dynamics of INSL3 production and secretion corresponded fundamentally to the developmental status of boar Leydig cells (Peyrat et al. 1981 , Lunstra et al. 1986 , Franca et al. 2000 and may be maintained by the long-term effect of LH on Leydig cell structure and function. In fact, with the establishment of a functional hypothalamic-pituitarygonadal (HPG) axis during puberty, boar Leydig cells appear to be most responsive to LH at puberty as characterized by a dramatic increase in cell number, cell volume, LH receptor number, and intracellular organelles of the Leydig cells (Peyrat et al. 1981 , Lunstra et al. 1986 , Franca et al. 2000 , and also as indicated by our findings that the testosterone levels increased progressively toward puberty with an irregular fluctuation at subsequent ages, whereas E 2 levels increased in a stepwise fashion with advancing age, consistent with previous reports (FlorCruz & Lapwood 1978 , Allrich et al. 1982 , Schwarzenberger et al. 1993 , Estienne et al. 2000 . In addition, in other species, INSL3 has been reported to be constitutively expressed and secreted by the Leydig cells under the long-term effects of LH/hCG and is not acutely regulated by LH/hCG and other hormones influencing Leydig cell differentiation, such as insulin-like growth factor1 (IGH1) (Foresta et al. 2004 , Bay et al. 2005 , Sadeghian et al. 2005 . In line with the lack of an acute stimulatory effect of LH, we did not find any correlation between LH and INSL3 in boars, although there are conflicting findings showing a positive correlation between them in normal men (Foresta et al. 2004 , Ferlin et al. 2006 .
Interestingly, we successfully demonstrated that INSL3 secreted from Leydig cells was released not only into the blood circulation but also into the interstitial and seminiferous compartments at sufficient concentrations. This was further emphasized by the results of our western blot analysis, which clearly indicated the presence of 12 kDa INSL3 in both interstitial and seminiferous compartments. These findings suggest that INSL3 enters the seminiferous compartment across the blood-testis barrier (BTB), which is created by inter-Sertoli tight junctions and adherens junctions (Lui & Lee 2009 be attributable to the opening of the BTB and take place concomitantly when physiological disassembly of tight junctions occurs to allow the passage of preleptotene spermatocytes across the BTB. This is based on the findings that the BTB separates mitotic spermatogonia from meiotic germ cells and is periodically disassembled to allow the passage of preleptotene spermatocytes across the barrier (Lui & Lee 2009 , Mruk & Cheng 2010 , Cheng & Mruk 2012 . Although no studies to date have identified the possible sites of action of INSL3 in the boar testis, RXFP2 mRNA and/or protein have been shown to be expressed in Leydig cells, germ cells, and/or Sertoli cells in different species, including humans (Anand- Ivell et al. 2006a) , rats (Kawamura et al. 2004 , Anand-Ivell et al. 2006a ), mice (Anand-Ivell et al. 2006a , Feng et al. 2007 , roe deer (Hombach-Klonisch et al. 2004) , and goats . In this study, however, we clearly showed that RXFP2 transcripts were expressed mainly in seminiferous germ cells with a weak signal in Sertoli cells, but not in Leydig cells, although the specific germ cell types that expressed the RXFP2 protein could not be identified because of the absence of reliable anti-RXFP2 antibodies. Furthermore, we found that INSL3 was able to bind to membranes prepared from seminiferous germ cells in a hormone-specific and saturable manner. Taken together with the findings concerning the fate of secreted INSL3, these findings show that INSL3 secreted into the interstitial compartment and then transported into the seminiferous compartments is capable of encountering germ cells, where its receptor RXFP2 is expressed, thus enabling INSL3 to bind. This provides evidence that INSL3 could act as a paracrine factor in seminiferous germ cells in the boar testis. Unfortunately, it remains unknown what functions INSL3 actually exerts on germ cells in the boar testis. One possibility is that INSL3 plays a role in the maintenance of spermatogenesis by regulating cellular processes such as apoptosis through the receptor RXFP2 on seminiferous germ cells in a paracrine manner. In adult rats, Rxfp2 transcripts are localized in spermatocytes, and injection of INSL3 into testes treated with a GnRH antagonist was shown to suppress germ cell apoptosis, suggesting that INSL3 acts through RXFP2 on germ cells and thereby contributes to spermatogenesis as a survival factor for male germ cells (Kawamura et al. 2004) . However, a more recent study in conditional Rxfp2 knockout mice, in which the gene was specifically deleted in later stages of postmeiotic germ cells, INSL3-RXFP2 signaling was found to be dispensable for spermatogenesis and male fertility (Huang et al. 2012) .
In conclusion, we demonstrated that INSL3 gene and protein expressions are upregulated during puberty, as reflected by changes in circulating levels. We also provide evidence that INSL3 secreted from Leydig cells is released not only into the blood circulation but also into the interstitial compartment, and that INSL3 is transported into the seminiferous compartments, where it is able to bind to RXFP2 expressed on germ cells, suggesting that INSL3 acts as a paracrine factor in boar germ cells.
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